Introduction
============

Epinephrine (adrenaline) has been used in resuscitation after cardiac arrest for decades and the provision of epinephrine is currently suggested by both the American Heart Association (AHA) and the European Resuscitation Council (ERC) in both shockable and non-shockable rhythms.[@ref1] [@ref2] Despite this, the utility of epinephrine administration in patients with cardiac arrest remains controversial.[@ref3] [@ref4] [@ref5] [@ref6] [@ref7] [@ref8] [@ref9]

The effect of epinephrine is thought to be mediated primarily through α-adrenergic effects[@ref10] leading to improved coronary perfusion pressure,[@ref11] which is associated with increased probability of return of spontaneous circulation in animals[@ref12] and humans.[@ref13] The effect on cerebral perfusion, however, remains controversial.[@ref11] [@ref14] Human interventional and observational studies in patients who have cardiac arrest outside hospital have consistently found improved return of spontaneous circulation but have yielded inconsistent results with regard to long term outcomes.[@ref15] [@ref16] [@ref17] [@ref18] We have previously found that delay in the first administration of epinephrine is associated with a decreased chance of good outcomes in both adults[@ref19] and children[@ref20] in hospital who experience cardiac arrest with an initial non-shockable rhythm but there is a lack of published studies in such patients presenting with a shockable rhythm (that is, pulseless ventricular tachycardia or ventricular fibrillation). As additional highly effective interventions are recommended in these patients (primarily early defibrillation), clinical decision making becomes even more complex and both the efficacy and the optimal timing of administration of epinephrine remain unknown. Currently, there are discrepant recommendations for treatment from the AHA and the ERC, with the AHA recommending epinephrine after the second defibrillation and the ERC after the third defibrillation.[@ref1] [@ref2] In addition, clinical practice patterns could include the provision of epinephrine even earlier, such as after the first defibrillation, in patients with a persistently shockable rhythm.

We used a large multicenter registry of cardiac arrest in inpatients in the United States to describe the use of epinephrine during cardiac arrest with a shockable rhythm and to assess compliance with current AHA guidelines. As the recommendation is based essentially on expert opinion as opposed to strong science, we then determined whether early administration of epinephrine (after the first defibrillation) is associated with survival to hospital discharge.

Methods
=======

Study design and data source
----------------------------

This was an analysis of prospectively collected data from the Get With The Guidelines-Resuscitation (GWTG-R) registry. The GWTG-R registry is a national prospective quality improvement registry of inpatients with cardiac arrest sponsored by the AHA. The design for data collection and reliability has been described previously in detail.[@ref21] Data are collected on all inpatients with cardiac arrest who do not have prior do not resuscitate orders or cardiopulmonary resuscitation events that began outside the hospital. Cardiac arrest is defined as pulselessness requiring chest compressions and/or defibrillation, with a hospital-wide or unit based emergency response by acute care personnel. The registry uses Utstein-style templates for cardiac arrest, which are a set of standardized reporting guidelines used to define patient variables and outcomes.[@ref22] [@ref23] Integrity of the data is improved through certification of data entry personnel and the use of standardized software.[@ref24] We included data from January 2006, when the AHA guidelines for shockable rhythms changed to their current form,[@ref25] to September 2012, after which time the required data fields were no longer part of the registry. Hospital data were obtained from the American Hospital Association's annual survey from 2013.[@ref26]

All participating hospitals are required to comply with local regulatory guidelines. Because data are used primarily at the local site for quality improvement, sites are granted a waiver of informed consent under the common rule.

Patient involvement
-------------------

No patients were involved in determining the research objective or the outcome measures; nor were they involved in the design, conduct, or interpretation of the study. There are no plans to involve patients in the dissemination of results.

Study population
----------------

We included adult patients with an index cardiac arrest and a documented initial shockable rhythm (that is, pulseless ventricular tachycardia or ventricular fibrillation). We included only patients who underwent documented first defibrillation within two minutes. This was done because current guidelines recommend defibrillation as the first line treatment (along with chest compressions) for such patients[@ref27] and because we considered rapid defibrillation as a surrogate marker for overall quality of resuscitation (currently used as a quality metric by the AHA). Furthermore, previous research has found an association between early defibrillation and improved outcome with comparable outcomes for a time to defibrillation of zero, one, and two minutes.[@ref28] We included only patients who had a documented shockable rhythm after the first defibrillation.

We excluded patients who received epinephrine before the first defibrillation, who had return of spontaneous circulation, or in whom resuscitation was terminated within the same minute as the first defibrillation, visitors/employees, patients with missing data on included covariates, those with missing time of epinephrine administration, and patients with missing data on survival (the primary outcome).

Epinephrine and outcomes
------------------------

Epinephrine administration was defined as any bolus dose of epinephrine given during the cardiac arrest through an intravenous or intraosseous route. Endotracheal administration of epinephrine is not recorded in the registry. The time to epinephrine was defined as the time interval in minutes from the first defibrillation to the first bolus dose of epinephrine. The recording of the time of the first defibrillation and the first dose of epinephrine was done in whole minutes. As such, a time to epinephrine administration of zero minutes means that epinephrine was given within the same whole minute as when the patient was identified as pulseless; a time of one minute represents that epinephrine was given within the next whole minute, etc.

The primary outcome was survival to hospital discharge. Secondary outcomes were return of spontaneous circulation, defined as at least 20 minutes with a palpable pulse, and good functional outcome at the time of hospital discharge. Functional outcome was assessed with the use of the cerebral performance category score (score 1=mild or no neurological deficit, 2=moderate cerebral disability, 3=severe cerebral disability, 4=coma or vegetative state, and 5=brain death).[@ref29] A score of 1 or 2 was considered a good functional outcome and a score of 3-5 or death was considered a bad functional outcome, as commonly used in cardiac arrest research.[@ref30] [@ref31] [@ref32] The score was determined by abstractors reviewing the medical record.

Statistical analysis
--------------------

Descriptive statistics were used to characterize the study population. Continuous variables are reported as medians with interquartile ranges and categorical variables are reported as counts with relative frequencies. Categorical data were compared with χ^2^ test and continuous data with the Wilcoxon rank sum test. The Cochran-Armitage test was used to assess for trends over time.

The goal of the main analysis was to determine survival to hospital discharge in those who received epinephrine within the two minutes after the first defibrillation (that is, before the recommended second defibrillation) compared with those who did not receive epinephrine or received epinephrine more than two minutes after the first defibrillation. To assess the adjusted relation we performed propensity score matching. The propensity score was calculated with multivariable logistic regression with generalized estimating equations with an exchangeable variance-covariance structure to account for clustering within hospitals. For the calculation of the propensity score, the dependent variable was administration of epinephrine within two minutes after the first defibrillation. We included all variables presented in tables 1, 2, and 3[](#tbl1 tbl2 tbl3){ref-type="table"} in the propensity score model. These variables have been defined elsewhere.[@ref33] We included quadratic and cubic terms of age, and year of the cardiac arrest was treated as a categorical variable. We also included an interaction term between time to defibrillation and intubation within the first minute as these factors could theoretically affect (timing of) epinephrine.We chose all variables a priori based on prior work and/or clinical reasoning.[@ref33] [@ref34] [@ref35] [@ref36] [@ref37] [@ref38] [@ref39]

###### 

Characteristics of patients in full cohort of patients with cardiac arrest in hospital according to timing of administration of epinephrine. Figures are numbers (percentage) of patients unless specified otherwise

                                           All patients (n=2974)   Epinephrine ≤2 min (n=1510)   No epinephrine ≤ 2 min (n=1464)   P value
  ---------------------------------------- ----------------------- ----------------------------- --------------------------------- ---------
  Median (IQR) age (years)                 65 (54-75)              65 (54-76)                    64 (53-75)                        0.1
  Women                                    1041 (35)               532 (35)                      509 (35)                          0.8
  Race:                                                                                                                            
   White                                   2285 (77)               1133 (75)                     1152 (79)                         0.08
   Black                                   397 (13)                221 (15)                      176 (12)                          
   Other                                   104 (4)                 59 (4)                        45 (3)                            
   Unknown                                 188 (6)                 97 (6)                        91 (6)                            
  Type of admission:                                                                                                               
   Medical-non-cardiac                     686 (23)                390 (26)                      296 (20)                          \<0.001
   Medical-cardiac                         1584 (53)               736 (49)                      848 (58)                          
   Surgical-non-cardiac\*                  295 (10)                184 (12)                      111 (8)                           
   Surgical-cardiac                        409 (14)                200 (13)                      209 (14)                          
  Pre-existing conditions:                                                                                                         
   Cardiac:                                                                                                                        
    History of myocardial infarction       670 (23)                321 (21)                      349 (24)                          0.09
    Myocardial infarction this admission   979 (33)                431 (29)                      548 (37)                          \<0.001
    History of heart failure               614 (21)                338 (22)                      276 (19)                          0.02
    Heart failure this admission           505 (17)                276 (18)                      229 (16)                          0.06
   Non-cardiac:                                                                                                                    
    Respiratory insufficiency              1013 (34)               554 (37)                      459 (31)                          0.002
    Diabetes mellitus                      848 (29)                441 (29)                      407 (28)                          0.4
    Renal insufficiency                    742 (25)                431 (29)                      311 (21)                          \<0.001
    Metastatic/hematologic malignancy      242 (8)                 129 (9)                       113 (8)                           0.4
    Hypotension/hypoperfusion              708 (24)                397 (26)                      311 (21)                          0.001
    Pneumonia                              218 (7)                 121 (8)                       97 (7)                            0.2
    Baseline depression in CNS function    242 (8)                 133 (9)                       109 (7)                           0.2
    Metabolic/electrolyte abnormality      360 (12)                205 (14)                      155 (11)                          0.01
    Septicemia                             311 (10)                187 (12)                      124 (8)                           \<0.001
    Acute CNS non-stroke event             148 (5)                 81 (5)                        67 (5)                            0.3
    Hepatic insufficiency                  172 (6)                 97 (6)                        75 (5)                            0.1
    Acute stroke                           96 (3)                  61 (4)                        35 (2)                            0.01
    Major trauma                           72 (2)                  54 (4)                        18 (1)                            \<0.001

IQR=interquartile range, CNS=central nervous system.

\*Includes patients with admission type of "obstetric" (n=2) or "trauma" (n=60)

###### 

Hospital characteristics in full cohort of patients with cardiac arrest in hospital according to timing of administration of epinephrine. Figures are numbers (percentage) of patients

                           All patients (n=2974)   Epinephrine ≤2 min (n=1510)   No epinephrine ≤2 min (n=1464)   P value
  ------------------------ ----------------------- ----------------------------- -------------------------------- ---------
  Bed size:                                                                                                       
   1-249                   450 (15)                202 (13)                      248 (17)                         0.02
   250-499                 1029 (35)               544 (36)                      485 (33)                         
   ≥500                    1495 (50)               764 (51)                      731 (50)                         
  Teaching status:                                                                                                
   Major                   1300 (44)               687 (46)                      613 (42)                         0.04
   Minor                   787 (27)                371 (25)                      416 (28)                         
   Non-teaching            887 (30)                452 (30)                      435 (30)                         
  Ownership:                                                                                                      
   Private                 493 (17)                241 (16)                      252 (17)                         0.8
   Government              253 (9)                 130 (9)                       123 (8)                          
   Non-profit              2200 (74)               1125 (75)                     1075 (73)                        
   Military                28 (1)                  14 (1)                        14 (1)                           
  Location:                                                                                                       
   Rural                   116 (4)                 59 (4)                        57 (4)                           0.9
   Urban                   2858 (96)               1451 (96)                     1407 (96)                        
  Geographical location:                                                                                          
   North east              457 (15)                206 (14)                      251 (17)                         0.07
   South east              731 (25)                354 (24)                      377 (25)                         
   Midwest                 701 (24)                359 (25)                      342 (23)                         
   South central           621 (21)                296 (20)                      325 (22)                         
   West                    464 (16)                249 (17)                      215 (14)                         

###### 

Characteristic of cardiac arrest in full cohort of patients with cardiac arrest in hospital according to timing of administration of epinephrine. Figures are numbers (percentage) of patients

                                                          All patients (n=2974)   Epinephrine ≤2 min (n=1510)   No epinephrine ≤2 min (n=1464)   P value
  ------------------------------------------------------- ----------------------- ----------------------------- -------------------------------- ---------
  Year of cardiac arrest:                                                                                                                        
   2006                                                   595 (20)                275 (18)                      320 (22)                         0.02
   2007                                                   574 (19)                283 (19)                      291 (20)                         
   2008                                                   496 (17)                253 (17)                      243 (17)                         
   2009                                                   459 (15)                246 (16)                      213 (15)                         
   2010                                                   320 (11)                157 (10)                      163 (11)                         
   2011                                                   333 (11)                178 (12)                      155 (11)                         
   2012                                                   197 (7)                 118 (8)                       79 (5)                           
  Interventions in place at time of arrest:                                                                                                      
   Mechanical ventilation                                 1065 (36)               584 (39)                      481 (33)                         \<0.001
   ECG monitor                                            2737 (92)               1388 (92)                     1349 (92)                        0.8
   Pulse oximeter                                         2322 (78)               1195 (79)                     1127 (77)                        0.2
   Vasoactive agents\*                                    962 (32)                503 (33)                      459 (31)                         0.3
   Antiarrhythmic drugs                                   421 (14)                190 (13)                      222 (15)                         0.04
  Arrest characteristics:                                                                                                                        
   Location:                                                                                                                                     
    Emergency department                                  430 (14)                156 (10)                      274 (18)                         \<0.001
    Floor with telemetry                                  376 (13)                210 (14)                      166 (11)                         
    Floor without telemetry                               213 (7)                 118 (8)                       95 (6)                           
    Intensive care unit                                   1529 (51)               830 (55)                      699 (48)                         
    OR, PACU, or interventional area                      376 (13)                171 (11)                      205 (14)                         
    Other                                                 50 (2)                  25 (2)                        25 (2)                           
   Time of day (night 11 pm to 6 59 am)                   820 (28)                426 (28)                      394 (27)                         0.4
   Weekend (Friday 11 pm to Monday 7 am)                  899 (30)                462 (31)                      437 (30)                         0.7
   Hospital-wide cardiac arrest response activated        1943 (65)               1035 (68)                     908 (62)                         \<0.001
   Witnessed                                              2663 (90)               1352 (90)                     1311 (90)                        0.9
   Initial rhythm:                                                                                                                               
    Pulseless VT                                          1045 (35)               513 (34)                      532 (36)                         0.12
    VF                                                    1929 (65)               997 (66)                      932 (64)                         
   Time to defibrillation from loss of pulse (minutes):                                                                                          
    0-1                                                   2051 (69)               984 (65)                      1067 (73)                        \<0.001
    1-2                                                   526 (18)                297 (20)                      229 (16)                         
    2-3                                                   397 (13)                229 (15)                      168 (11)                         
   Post-defibrillation rhythm:                                                                                                                   
    Pulseless VT                                          940 (32)                450 (30)                      490 (33)                         0.03
    VF                                                    2034 (68)               1060 (70)                     974 (67)                         
   Intubation 0-1 min after loss of pulse                 141 (5)                 92 (6)                        49 (3)                           \<0.001

ECG=electrocardiogram, OR=operating room, PACU=post-anesthesia care unit, VT=ventricular tachycardia, VF=ventricular fibrillation.

\*Includes dobutamine, dopamine (\>3 μg/kg/min), epinephrine, nitroglycerin, norepinephrine, phenylephrine, vasopressin, and/or "other vasoactive agent(s)."

We next performed 1:1 matching on the propensity score using nearest neighbor matching with a maximum caliber of 0.01 of the propensity score. Patients who received epinephrine at either zero, one, or two minutes after the first defibrillation were separately matched on the propensity score with a patient who was "at risk" of receiving epinephrine within the same time frame. "At risk" patients included those still undergoing resuscitation (that is, patients who did not have return of spontaneous circulation or in whom resuscitation was terminated) and who did not receive epinephrine before or within the same minute, including patients who received epinephrine at a later time point ("as yet untreated" patients).[@ref40] The matching was performed separately for minutes zero, one, and two after the first defibrillation with replacement of controls to optimize the sample size. If we included a patient with return of spontaneous circulation within or before this time period, and who was therefore never "at risk" for receiving epinephrine, in the analysis this could bias the results towards a harmful effect of epinephrine because early return of spontaneous circulation (that is, short duration of arrest) is associated with improved survival.[@ref39] [@ref41] To assess the performance of the matching, we compared baseline categorical variables between the matched groups using the Cochran-Mantel-Haenszel test and calculated standardized differences.

Using the matched cohort, we next performed conditional logistic regression to assess the association between epinephrine administration and survival to hospital discharge. Given the potential importance of time to defibrillation, we included this variable in the regression model as a categorical variable. We report the results from the regression model as odds ratios with 95% confidence intervals. We performed similar conditional logistic regression analyses for the secondary outcomes of return of spontaneous circulation and good functional outcome. To compare the number of total defibrillations, the time to the second defibrillation, total dose of epinephrine, and the time to the end of resuscitation in the two groups we used Poisson regression with robust variance estimates while accounting for the correlation between matched participants. The results of these analyses are presented as relative increases with 95% confidence intervals.

### Sensitivity analyses

We performed two predefined sensitivity analyses. First, we performed the propensity score matching without replacement of the control patients. Second, we accounted for missing data for 347 patients (10%) on covariates time of epinephrine administration or survival (fig 1[](#f1){ref-type="fig"}) and for 140 patients (5%) on functional outcome. We imputed missing values for covariates and outcomes by using the fully conditional specification (FCS) method[@ref42] and created a total of 10 datasets. As time to epinephrine follows an approximate zero inflated Poisson distribution, we performed imputations for those receiving epinephrine using this distribution for all 10 datasets.[@ref20] [@ref43] We then performed the propensity score matching and conditional logistic regression on each of these 10 datasets and combined the results using SAS, version 9.4, (SAS Institute, Cary, NC) "proc mianalyze." We also performed two post hoc sensitivity analyses. As guideline changes can take a substantial amount of time to be implemented,[@ref44] and because important changes were made in the 2005 guidelines, we conducted the analysis after excluding events in 2006 and 2007. In our second post hoc sensitivity analysis, we matched only patients who received epinephrine at zero or one minute after the first defibrillation as some patients could have received their second defibrillation during the two minute period.

![**Fig 1** Inclusion and exclusion of patients in study of timing of administration of epinephrine for inpatients with cardiac arrest. Out of 3777 patients who met all inclusion criteria, 2974 were included in main cohort](andl030630.f1_default){#f1}

### Post hoc analyses

We performed two additional post hoc analyses. In the first, we included the same patients as above but also included those who received epinephrine before the first defibrillation. We then restricted the population to those who received a second defibrillation and who received the second defibrillation between one and three minutes after the first defibrillation. In this cohort, we assessed whether receiving epinephrine at any time before the second defibrillation, compared with not receiving epinephrine before the second defibrillation, was associated with the various outcomes. In this analysis, we also utilized propensity score matching as above. In the second analysis, we broadened the inclusion criteria to include patients who had a documented first defibrillation within five minutes with no changes to the remaining inclusion/exclusion criteria. We then performed the main analysis in this patient cohort.

All hypothesis tests were two sided, with a significance level of P\<0.05. All secondary analyses should be considered exploratory as we did not adjust for multiple comparisons. We conducted all statistical analyses using SAS software.

Results
=======

Characteristics of study population
-----------------------------------

We included 2974 patients from 310 hospitals in the main cohort (fig 1[](#f1){ref-type="fig"}). The median age was 65 (interquartile range 54-75), 1041 (35%) were women, and 1167 (39%)survived to hospital discharge. Tables 1, 2, and 3[](#tbl1 tbl2 tbl3){ref-type="table"} provide additional characteristics for patients, hospitals, and events for the overall group. Overall, 692 (23%) patients did not receive epinephrine at any time during the resuscitation. Figure 2[](#f2){ref-type="fig"} shows the timing of epinephrine administration in relation to the first defibrillation.

![**Fig 2** Distribution of timing of epinephrine in relation to first defibrillation. 692 (23%) patients did not receive epinephrine at any time during resuscitation and 1510 (51%) received epinephrine within two minutes after first defibrillation](andl030630.f2_default){#f2}

Epinephrine within first two minutes after first defibrillation
---------------------------------------------------------------

In total 1510 (51%) patients received epinephrine within two minutes after the first defibrillation. Tables 1, 2 and 3[](#tbl1 tbl2 tbl3){ref-type="table"} show the characteristics of these patients and those not receiving epinephrine within this timeframe. Over time, there was an increase in the incidence of epinephrine given within two minutes after the first defibrillation (275/595 (46%) in 2006 to 118/197 (60%) in 2012, P=0.001 for a linear trend, fig 3[](#f3){ref-type="fig"}, table 3[](#tbl3){ref-type="table"}).This increase over time remained in multivariable analysis when we adjusted for variables included in the tables (odds ratio 1.07 per year, 95% confidence interval 1.03 to 1.12; P=0.001).

![**Fig 3** Proportion of patients with early administration (within two minutes after defibrillation) of epinephrine per year, showing significant increase over time in both bivariable and multivariable analysis (both P=0.001 for linear trends)](andl030630.f3_default){#f3}

Early epinephrine administration within two minutes after the first defibrillation was associated with a decreased likelihood of survival in unadjusted analysis (464/1510 (31%) *v* 703/1464 (48%), odds ratio 0.48, 95% confidence interval 0.41 to 0.56; P\<0.001). Early epinephrine administration was also associated with decreased likelihood of return of spontaneous circulation (1018/1510 (67%) *v* 1158/1464 (79%), 0.55, 0.46 to 0.65; P\<0.001) and good functional outcome (357/1445 (25%) *v* 567/1389 (41%), 0.48, 0.41 to 0.56; P\<0.001).

Propensity score matched cohort
-------------------------------

We matched 2978 patients on the propensity score for receipt of epinephrine within the first two minutes after defibrillation. Characteristics of the two groups in the matched cohort are displayed in appendix 1, and the distributions of propensity scores before and after matching are displayed in appendix 2. The two groups were well balanced on all included variables (all P\>0.05 with standardized differences between −0.1 and 0.1). In the matched cohort, epinephrine administration within two minutes after the first defibrillation was still associated with decreased odds of survival (odds ratio 0.70, 95% confidence interval 0.59 to 0.82; P\<0.001). Epinephrine administration also remained associated with a decreased odds of return of spontaneous circulation (0.71, 0.60 to 0.83; P\<0.001) and good functional outcome (0.69, 0.58 to 0.83; P\<0.001), see figure 4[](#f4){ref-type="fig"}. These associations remained significant when we analyzed patients with return of spontaneous circulation (n=1974) for survival (0.79, 0.64 to 0.98; P=0.03) and good functional outcome (0.77, 0.61 to 0.96; P=0.02).

![**Fig 4** Graphical representation of odds ratios in propensity matched cohort for outcomes survival, return of spontaneous circulation (ROSC), and good functional outcome epinephrine administration compared with no epinephrine administration ≤2 min after first defibrillation. Error bars represent 95% confidence intervals](andl030630.f4_default){#f4}

Patients who received early epinephrine had a similar number of total defibrillations as those not receiving early epinephrine (median 3 (interquartile range 2-5) in both groups; relative increase 1.03, 95% confidence interval 0.98 to 1.09; P=0.25). In each group 87% of patients had a second defibrillation (P=0.91). There was no difference in the time from the first defibrillation to the second defibrillation (median 2 minutes (1-3) in both groups; relative increase: 0.77, 0.58 to 1.03; P=0.08). Patients who received early epinephrine had a higher total dose of epinephrine (3 mg (1-4) *v* 1 mg (0-3); relative increase: 1.57, 1.47 to 1.68; P\<0.001). Time to return of spontaneous circulation was similar in those who did and did not receive early epinephrine (13 minutes (7-27) *v* 13 minutes (6-26); relative increase 1.02, 0.93 to 1.13; P=0.63). The time to termination of resuscitation efforts in patients who did not achieve return of spontaneous circulation was also similar (22 minutes (14-32) *v* 21 minutes (14-29); relative increase 1.05, 0.95 to 1.17; P=0.32).

Sensitivity analyses
--------------------

We included 2310 patients in the matched cohort without replacement of controls. The association between early epinephrine administration and survival remained in this cohort (odds ratio 0.73, 95% confidence interval 0.62 to 0.87; P\<0.001). The association between early epinephrine and return of spontaneous circulation (0.72, 0.60 to 0.87; P\<0.001) and functional outcome (0.68, 0.56 to 0.83; P\<0.001) also remained. The full cohort used for multiple imputation to account for missing data included 3321 patients. Between 3330 and 3519 patients were matched in the 10 created datasets. The combined estimate for the matched cohorts was similar to that reported in the main analysis for survival (0.72, 0.61 to 0.85; P\<0.001), return of spontaneous circulation (0.76, 0.62 to 0.94; P=0.01), and good functional outcome (0.75, 0.63 to 0.99; P=0.001).

In our first post hoc sensitivity analysis, which excluded events in 2006 and 2007, we matched 1878 patients. The association between early epinephrine administration and survival (odds ratio 0.70, 0.57 to 0.85; P\<0.001), return of spontaneous circulation (0.76, 0.62 to 0.84; P=0.01), and functional outcome (0.71, 0.57 to 0.89; P=0.003) remained. In our second post hoc sensitivity analysis, we matched only the 1418 patients in the zero and one minute timeframes (that is, excluding minute two). The association between early epinephrine administration and survival (0.72, 0.57 to 0.90; P=0.004) and functional outcome (0.70, 0.54 to 0.90; P=0.007) remained. The association between early epinephrine administration and return of spontaneous circulation was not significant in this sensitivity analysis (0.82, 0.65 to 1.03; P=0.09).

Additional analyses
-------------------

There were 1758 patients in the cohort of patients with epinephrine administration any time before the second defibrillation, of whom 1252 were propensity score matched. The groups were well matched. In this analysis, we looked at epinephrine administration at any time before the second defibrillation compared with no epinephrine administration before the second defibrillation. We found that early epinephrine administration was also associated with decreased odds of survival (odds ratio 0.54, 95% confidence interval 0.42 to 0.69; P\<0.001), return of spontaneous circulation (0.55, 0.42 to 0.72; P\<0.001), and good functional outcome (0.55, 0.42 to 0.72; P\<0.001) in this analysis.

In the cohort of patients with the first defibrillation within five minutes, we matched 3520 patients for propensity score. In this cohort, the results remained similar. Early epinephrine administration was associated with decreased odds of survival (odds ratio 0.77, 95% confidence interval 0.66 to 0.89; P\<0.001), return of spontaneous circulation (0.73, 0.63 to 0.85; P\<0.001), and good functional outcome (0.77, 0.66 to 0.91; P=0.002).

Discussion
==========

For in hospital patients with cardiac arrest and a shockable rhythm, administration of epinephrine within the first two minutes after the initial defibrillation was common and was associated with decreased chance of return of spontaneous circulation, survival, and survival with a good functional outcome compared with those who were not given epinephrine within this period. This association remained when we used time dependent propensity score matching and in sensitivity analyses.

Epinephrine background and guideline recommendation
---------------------------------------------------

Epinephrine, a potent α- and β-adrenergic agonist with inotropic, chronotropic, and vasoconstrictive effects,[@ref45] has been used during cardiac arrest for decades. This practice is partly based on findings from animal studies from the 1960s,[@ref6] [@ref46] [@ref47] and epinephrine has been recommend since 1974 when the American Heart Association (AHA) published its first recommendations on cardiac arrest.[@ref48] The most recent AHA guidelines state that it is "reasonable to consider" epinephrine every three to five minutes for patients with a non-shockable rhythm and every three to five minutes after the second defibrillation in patients with a shockable rhythm.[@ref1] In the current study, we found that over half of our included patients received epinephrine within two minutes after the first defibrillation (contrary to current guidelines). The true proportion of patients treated contrary to guidelines is even larger as we excluded 439 who received epinephrine before the initial defibrillation. Furthermore, we found that the proportion of patients who received early epinephrine has been increasing over the years (from 46% in 2006 to 60% in 2012), a finding that remains largely unexplained.

Comparison with previous studies
--------------------------------

The published evidence in humans regarding the use of epinephrine in cardiac arrest with shockable rhythms is scant, especially in those who experience cardiac arrest as inpatients and in the early stages of arrest.[@ref4] To our knowledge, one randomized controlled trial has compared intravenous drug administration during cardiac arrest outside hospital with no intravenous drug administration,[@ref49] and only one randomized controlled trial has been published directly comparing epinephrine with placebo.[@ref15] In this trial, Jacobs and colleagues analyzed 534 patients with cardiac arrest outside hospital and found that those who were randomized to epinephrine had markedly increased rate of return of spontaneous circulation and admission to hospital, but they also found no significant difference in survival or survival with a good functional outcome, although the study was underpowered to detect such differences.[@ref15] In the group of patients with an initial shockable rhythm, which was the focus of our investigation, the findings were similar to those of the non-shockable group, although the magnitude of the benefit regarding return of spontaneous circulation was somewhat less compared with in the non-shockable group.[@ref15] In Jacobs and colleagues' study, epinephrine was administered after the third unsuccessful defibrillation, consistent with European and Australian guidelines.[@ref2] [@ref15] Furthermore, all patients had cardiac arrests outside hospital, and the mean response time of emergency providers was about 10 minutes, making any comparison with the current study difficult or essentially impossible.

Recently, several large observational studies regarding the use of epinephrine in cardiac arrest outside hospital have been published.[@ref16] [@ref17] [@ref50] In a large Japanese study utilizing a similar statistical approach as here, Nakahara and colleagues found that administration of epinephrine in the prehospital setting was associated with increased overall survival but found no difference in good functional recovery among patients with a shockable rhythm.[@ref17] While these findings are different from the current report, Nakahara and colleagues also examined a different population of patients (cardiac arrest outside hospital), a different algorithm, and a different time of epinephrine administration. As noted by other investigators,[@ref51] there are profound differences between patients with cardiac arrest in and outside hospital, both in term of patients' characteristics, underlying etiology, treatment and timing of treatment, and outcomes. As such, the efficacy of interventions such as epinephrine might vary between these populations.

Potential mechanisms
--------------------

There are multiple potential reasons for why epinephrine could be detrimental in early cardiac arrest with a shockable rhythm. Patients with a shockable rhythm more often have a cardiac cause of their arrest.[@ref52] Epinephrine's β-adrenergic effects could increase myocardial oxygen demand, which, despite increased coronary perfusion pressure, can lead to increased myocardial damage and increased myocardial dysfunction after cardiac arrest.[@ref53] [@ref54] Epinephrine can also decrease blood flow to other organs including the kidneys,[@ref55] lungs,[@ref56] and brain[@ref14] as well as reduce microcirculatory blood flow.[@ref57] All these findings, however, are from controlled animal studies and are not consistent between studies.[@ref11] As such, their translation to complex heterogeneous patients with various underlying etiologies and interventions is questionable.

Although it was not the primary focus of our study, we found that those receiving early epinephrine received a higher cumulative dose during their cardiac arrest (3 mg (interquartile range 1-4) *v* 1 mg (0-3); P\<0.001). Previous observational studies have found that a high cumulative epinephrine dose is associated with worse outcomes,[@ref58] [@ref59] and it is possible that the cumulative dose in the current study could be a driver of outcomes. It also remains possible that the early administration of epinephrine could have interfered with the administration or quality of other interventions, such as subsequent defibrillations, chest compressions, or airway management. In contrast to epinephrine, defibrillation has minimal, if any, side effects. Therefore, one could postulate that an effective treatment with limited side effects might be superior to another with important side effects, particularly early in the arrest period (that is, what has been termed, the "electrical phase" of cardiac arrest).[@ref60] In other words, during the electrical phase of cardiac arrest many patients with shockable rhythms could have return of spontaneous circulation with defibrillation, without the need for an intervention such as epinephrine with potential side effects. This contrasts with non-shockable rhythms, where treatments are limited to cardiopulmonary resuscitation and attempts to deal with the underlying etiology of arrest. Of note, in one animal study epinephrine had no effect on subsequent success of defibrillation, although animals treated with epinephrine had increased return of spontaneous circulation.[@ref61] An ongoing large randomized controlled trial comparing epinephrine with placebo in cardiac arrest outside hospital ("Paramedic2"),[@ref62] currently enrolling in the United Kingdom, will help answer many lingering questions, but the translatability to cardiac arrest in hospital, where interventions are usually administered much earlier, is unknown.

Limitations of study
--------------------

The design and limitations of the current study should be taken into account in the interpretation of the findings. Despite adjustment for multiple patient, event, and hospital factors, and with the timing of epinephrine taken into account, this is an observational study and no strong conclusions can be made regarding the causal effect of early epinephrine administration. Unknown and/or unmeasured confounders, such as the quality of cardiopulmonary resuscitation, could have changed our results if they had been included in the analysis. Despite inclusion of data from more than 300 hospitals, the sample size was inadequate for making inference about epinephrine administration at later time points (such as after the second and third defibrillation). As such, these findings should not be extrapolated to later time points, nor to settings outside hospital. Furthermore, most of our included patients were monitored at the time of the arrest. This might not be comparable with other settings and countries,[@ref63] which could limit the generalizability of our findings.

The GWTG-R registry does not collect information on endotracheal administration of epinephrine. In the unlikely event of this occurring in the "no early epinephrine group," however, we believe this would bias our results towards to null. Misclassification of variables could have influenced our results, given the nature of this data registry. Misclassification related to timing of interventions would be especially concerning,[@ref64] [@ref65] although we suspect that errors would more likely occur for absolute times rather than relative times (that is, differences between two time points), which we used for this study. Furthermore, we believe that any misclassification, including those related to timing, would be unrelated to outcomes and would therefore most likely bias the results towards the null (that is, this potential bias is unlikely to explain our current finding).

Conclusion
----------

In conclusion, we found that early administration of epinephrine after the first defibrillation (that is, contrary to guidelines) was common (\>50%) in patients who experience cardiac arrest in hospital with a shockable rhythm. Moreover, the provision of epinephrine at this time point was associated with a decreased chance of good outcome, including decreased in hospital survival. These findings might be relevant to guideline developers, educators, and clinicians involved with the care of such patients.

### What is already known on this topic

1.  There is conflicting evidence regarding the effectiveness of epinephrine in patients with cardiac arrest outside hospital

2.  Little is known about the effectiveness of epinephrine in patients in hospital who experience cardiac arrest with a shockable rhythm, particularly early during the arrest

### What this study adds

1.  Early administration of epinephrine after the first defibrillation (that is, contrary to guidelines) was common in inpatients with cardiac arrest and a shockable rhythm (\> 50%)

2.  Provision of epinephrine at this time point was associated with a decreased chance of good outcome including decreased survival in hospital
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